INTRODUCTION
In Australia, Chlamydia trachomatis accounts for 81% of all notifiable sexually transmitted infections and cases have increased from 14,045 in 1999 to 74,305 in 2010. 1 Women are two to three times more likely than men to contract an infection 2 and also have a higher incidence of asymptomatic infection, with 70-90% compared with 40-60% in men. 3 As the financial burden of Chlamydia infection is determined by the ease and cost of diagnosis, treatment, and management of associated diseases (e.g., infertility), women account for 80% of the total economic cost of Chlamydia infections. 4 Consequently, developing a vaccine that protects females from infection and disease has been the primary focus, despite studies showing the benefits of targeting both sexes. amount identified in guinea pigs and humans to be passed naturally through sexual transmission. [10] [11] [12] Direct intravaginal inoculation of female mice with Chlamydia in sucrose buffer also cannot replicate the effects male ejaculate has on female genital tract immunity. 13 Therefore, there is a need to improve the current model of Chlamydia sexual transmission in mice to test intervention strategies like vaccines.
The chlamydial major outer membrane protein (MOMP) is the most commonly used antigen in chlamydial vaccine research.
14 However, the superior quality of MOMP-specific immunity that develops following a natural infection with Chlamydia, as opposed to simple immunization with MOMP, suggests that current adjuvant technology is failing to fully exploit the protective capabilities of MOMP. Similar in structure to ISCOMs, 15 ISCOMATRIX (IMX) is simply mixed with the antigen but does not need to encapsulate it to have an adjuvant effect, as the addition of phosphatidyl (choline or ethanol amine) into IMX during manufacturing provides exposed functional groups that allows for antigen conjugation through non-covalent interactions. IMX is safe and well tolerated in humans and shown to elicit long-lived T-and B-cell responses in clinical trials. 15 As protection against a chlamydial genital tract infection is dependent on effective antigen presentation by dendritic cells and the induction of both T and B cells, 16 the combination of MOMP and IMX together with intranasal administration to elicit a mucosal response could formulate an effective vaccine against a genital tract infection.
By challenging infection-susceptible (progesterone primed) female mice with ejaculates collected from infected males we could simulate Chlamydia sexual transmission in mice. Immunization with MOMP/IMX elicited partial protection against infection in both males and females; however, infection and disease were completely absent from immunized female mice challenged with infectious prostatic fluid collected from immunized males, indicating a synergism between the partial immunity in both sexes.
RESULTS

MOMP-specific T-and B-cell responses generated following immunization
A MOMP-specific cell-mediated and humoral immune response contributes significantly toward protection against a Chlamydia genital tract infection. 17 We therefore isolated splenocytes from immunized mice and quantified the expansion and cytokine production of their T-helper cells (Th; CD3 þ CD4 þ ) and cytotoxic T cells (Tc; CD3 þ CD8 þ ) (Supplementary Figure 1 online) cells following in vitro restimulation with MOMP. Th, but not Tc cells isolated from MOMP/IMX immunized animals showed a significantly higher level of proliferation following restimulation with MOMP (Po0.001) when compared with the unimmunized control ( Figure 1a) . MOMP-specific Th cells isolated from MOMP/ IMX immunized mice also showed significant staining for interferon-g (IFN-g) (Po0.001), tumor-necrosis factor-a (TNF-a; Po0.001), interleukin-17 (IL-17); Po0.001) when compared with unimmunized controls (Figure 1b) . Similarly, Tc cells displayed significant staining for IFN-g (Po0.05) and IL-17 (Po0.001) when compared with unimmunized controls. Further analysis of the MOMP-specific Th cells isolated from the MOMP/IMX immunized animals indicated that
.001) compared with o10% in the unimmunized control groups (Figure 1c) . Tc cells in MOMP/IMX immunized mice were primarily of the single-positive phenotype (IFN-g þ , IL-17 þ , or TNF-a þ ) and not significantly different from the unimmunized control. Immune responses generated following immunization were identical in male and female mice (data not shown).
Immunization with MOMP/IMX generated MOMP-specific sera and vaginal IgG and IgA ( Figure 1d ) and these were significantly greater than those detected following an intravaginal infection (live infection control (LIC); Po0.01). Sera from MOMP/IMX immunized mice significantly neutralized Chlamydia infectivity in vitro when compared with naïve sera (Po0.05) (Figure 1e ). Stimulation of RAW264.7 cells with Chlamydia opsonized with sera from MOMP/IMX immunized also promoted expression of CXCL1 (7-fold), CXCL2 (1.5-fold) and IL-1b (2-fold) messenger RNA (Figure 1f ) after 24 h of stimulation.
Determining the infectious dose of Chlamydia transmitted by male mice
The bacterial burden in the prostatic fluid, prostate, and testes remained constant from weeks 1 to 10 post infection (p.i.) (Figure 2a and b) . The bacterial burden in the penis peaked at week 10 p.i., although this had little effect on the total amount of viable Chlamydia collected in the prostatic fluid over the course of the infection. Males produced 4.7±1.7 ml (BALB/c) and 4.4±2.4 ml (C57BL/6) of prostatic fluid (data not shown). The chlamydial load in the prostatic fluids contained 49±20 inclusion-forming units (IFU) (BALB/c) and 64 ± 35 IFU (C57BL/6) of Chlamydia. Infected males were mated with receptive females (non-progesterone primed) at weeks 1 and 2 p.i. and the transmissible chlamydial load in their ejaculate was determined indirectly from the females (Figure 2c and d) . Samples collected from female mice that were mated with males at week 1 p.i. contained the most Chlamydia IFU. Vaginal lavages collected from mated BALB/c females contained 251±27 IFU (#BALB/c) and 258 ± 34 IFU (#C57BL/6), while the vaginal plugs contained 225 ± 153 IFU (#BALB/c) and 165 ± 50 IFU (#C57BL/6) of Chlamydia. For both direct and indirect sample collection methods, the transmissible dose was determined to be 18-503 IFU/ejaculate (Supplementary Figure 2) . (Figure 3b ), as well as on day 3 (4-fold) (Po0.001) when mice were challenged with 5 Â 10 2 IFU (Figure 3c ). Immunized mice began clearing the infection in the lower genital tract from days 9-15 p.i., compared with days 21-35 p.i. for the unimmunized group. Immunization elicited a significant level of protection against the severity of oviduct pathology following challenge with 5 Â 10 1 (Po0.001; Figure 3a ), 1 Â 10 2 (Po0.001; Figure 3b ), and 5 Â 10 2 (Po0.01; Figure 3c ), when compared with unimmunized controls. Mice recovered from a previous intravaginal chlamydial infection elicit sterilizing immunity against rechallenge. A prior infection (LIC) elicited sterilizing immunity against all challenge doses, but no protection against the development of oviduct pathology. The ability of serum collected from MOMP/IMX immunized mice to opsonize Chlamydia and promote CXCL1, CXCL2, and IL-1b production by monocytes/macrophages (RAW264.7 cell line) was determined using reverse transcription PCR. Results are presented as the mean ± s.e.m. ND refers to 'not done'. Significant differences were determined using a one-way ANOVA with Tukey's post test. Significance was set at Po0.05 for all tests. P40.05 (not shown), 0.01-0.05 (*), 0.001-0.01 (**), and o0.001 (***). ANOVA, analysis of variance; CFSE, carboxyfluorescein succinimidyl ester; ELISA, enzyme-linked immunosorbent assay; IFN, interferon; IFU, inclusion-forming unit; IL, interleukin; IMX, ISCOMATRIX; MOMP, major outer membrane protein; Tc, T cells; Th, T-helper cells; TNF; tumor-necrosis factor; PBS, phosphate-buffered saline; p.i., post infection. Figure 4e ) and Tc cells (CD45 þ CD3 þ CD8; Figure 4f ) were analyzed (Supplementary Figure 3) . Recruitment of B, Th, and Tc cells into the genital tracts occurred on day 8 following challenge in both immunized and unimmunized animals. Although number of B, Th, and Tc cells recruited to the genital tract were consistently greater in immunized vs unimmunized mice, levels were not significantly different between groups. Tc cells were, however, present in significant numbers in the genital tracts of the LIC group before rechallenge (day 0; (Po0.001) and on days 2 and 4 p.i. (Po0.05) when compared with the unimmunized controls. Th cell numbers were also significantly increased in the female genital tracts of mice in the LIC when compared with unimmunized mice on days 2 and 4 (Po0.05) following challenge, indicating a rapid recruitment of Th cells in the LIC group. Neutrophil and macrophage numbers were not significantly different between immunized and unimmunized mice. Uterine horn tissue sections were also stained for neutrophils (Gr-1 þ ; Figure 4g ), macrophages (F4/80 þ ; Figure 4h ), B cells (B220 þ ; Figure 4i ) and T cells (CD3 þ ; Figure 4j ), which matched those determined by flow cytometry. Interestingly, 8-15% of Tc cells isolated from the genital tract of mice from the LIC on day 2 p.i. were also CD103 þ , indicating they were tissue resident memory T cells (T RM ) 18 ( Figure 5 ). However, T RM (CD3 þ CD8 þ CD103 þ ) diminished to background levels within 1 week of the secondary challenge.
Gene expression of immune cells sorted from the genital tract of female mice following challenge with a sexually transmissible dose of Chlamydia As no significant differences in the anamnestic response were observed in the genital tract between immunized and unimmunized female mice, we assessed gene expression in wholeoviduct tissues ( Figure 6a 6e) to identify functional differences. Th and Tc cells isolated on day 8 p.i. from MOMP/ IMX immunized mice expressed significantly more IFN-g (8-and 6-fold, respectively), TNF-a (2-and 6-fold, respectively), and IL-17A (10-and 12-fold, respectively) than unimmunized mice. Similarly, Th and Tc cells isolated on day 2 p.i. from LIC mice expressed significantly more IFN-g (6-and 2-fold, respectively), TNF-a (2-and 3-fold, respectively) and IL-17A (3-and 13-fold, respectively) than unimmunized mice on day 8 p.i. Neutrophils and macrophages isolated on day 8 p.i. from MOMP/IMX immunized mice expressed significantly more CXCL1 (2-fold) and IL-1b (2-and 4-fold, respectively) than unimmunized mice. Similar increases in gene expression were also detected in the whole-oviduct tissues. This pattern of cytokine and chemokine expression in the oviduct of MOMP/IMX immunized mice on day 2 p.i. was similar to the gene expression RAW264.7 cell line stimulated with opsonized C. muridarum ( Figure 1f ).
In vivo depletion and passive immunization
To confirm the roles of T and B cells in protection in female mice, we depleted Th (CD4 þ ), Tc (CD8b þ ), and B cells (CD20 þ ) following immunization but before challenge. Th, Tc, and B cells (Supplementary Figure 4) were successfully depleted from the spleen and the genital tract following administration of aCD4, aCD8, and aCD20, respectively. MOMP-specific Ig was not reduced in the serum or vaginal lavages of MOMP/IMX immunized mice following B-cell depletion (Supplementary Figure 4) . Naïve mice were also passively immunized with sera collected from MOMP/IMX immunized mice. Serum antibody levels were found to be comparable between passively immunized and MOMP/IMX immunized mice (Supplementary Figure 4) . Depletion of CD4 þ and CD8 þ , but not CD20 þ cells from MOMP/IMX immunized mice before challenge, inhibited protection against infection and oviduct pathology (Figure 7a ). Depletion of CD4 þ but not CD8 þ or CD20 þ cells from unimmunized mice before challenge inhibited the natural resolution of the infection, but did not exacerbate oviduct pathology (Figure 7b) . Depletion of CD8 þ and CD4 þ but not CD20 þ cells before rechallenge mitigated sterilizing immunity in LIC mice, but did not exacerbate oviduct pathology (Figure 7c ). Passive immunization of naïve mice with serum from MOMP/IMX mice reduced vaginal shedding between days 3 and 6 p.i. when compared with infusion of sera collected from unimmunized mice, but did not affect oviduct pathology (Figure 7d ). Figure 5) . However, unimmunized female mice challenged with the infectious prostatic fluids from immunized males exhibited no reduction in infection or disease when compared with infection with unimmunized male ejaculates (Figure 8b) . Half of immunized female mice showed sterilizing immunity against challenge with the infectious prostatic fluid from unimmunized males (Po0.001), but these mice showed no protection from disease when compared with challenge of unimmunized females (Figure 8c) . Interestingly, no immunized female mice challenged with the infectious ejaculate of immunized males acquired an infection or developed any oviduct pathology (Po0.001; Figure 8d ), indicating complete protection against Chlamydia sexual transmission between immunized males and females. Vaginal swabs were collected over 28 days p.i. to quantify the amount of Chlamydia shed (IFU per ml) by culture. Significant levels of bacterial burden were determined using a two-way ANOVA with Tukey's post test. Results are presented as the mean ± s.e.m. Percentages of mice shedding Chlamydia from the vagina on the days following challenge are also presented. Significant differences were determined using a Kaplan-Meier survival curve and the log rank post test. The severity of pathology was determined by measuring the diameter of the oviducts post mortem on day 35 p.i. The solid line across the graph represents the mean width of unaffected oviducts (2 mm). Significance of disease severity was determined using a one-way ANOVA with Tukey's post test. Significance was set at Po0.05 for all tests. P40.05 (not shown), 0.01-0.05 (*), 0.001-0.01 (**), and o0.001 (***). ANOVA, analysis of variance; IFU, inclusion-forming unit; IMX, ISCOMATRIX; MOMP, major outer membrane protein; PBS, phosphate-buffered saline; p.i., post infection.
DISCUSSION
The ability of an animal model to replicate sexual transmission of infection is crucial for the development of a human vaccine against Chlamydia. To date, only large and/or expensive animal models (non-human primates, pigs, and guinea pigs) have been shown to transmit a chlamydial infection sexually. 16 In this study, we determined the transmissible infectious dose in the ejaculate of male mice to develop a mouse model of sexual transmission. This dose range determined for mice is comparable with guinea pigs that transmit B100 IFU of Chlamydia caviae. 11, 12 Semen from C. trachomatis-infected human males has also been shown to contain between 675 and 1.6 Â 10 4 copies per ml of chlamydial DNA. 10 With an average ejaculate volume of 4.66 mL, 10 a transmissible infectious dose for humans would range between 3,146 and 7.5 Â 10 4 copies per ejaculate, which closely matches the amount contained in mouse prostatic fluid (2,080-1.16 Â 10 5 copies per prostatic fluid). Therefore, we suggest that an inoculum of C. muridarum between 50 and 500 IFU should be used for all future vaccine studies as this dose is not only capable of establishing an infection in all test animals, but it also reflects a physiologically relevant inoculum that could be passed naturally during sexual transmission.
Surprisingly, 20% of immunized female mice initially resisted the establishment of a genital tract infection for 12-15 days post challenge with the sexually transmissible dose of 50 IFU. Despite the expansion of MOMP-specific and multifunctional Th and Tc cells following immunization, these could not be detected in the genital tract until day 8 p.i. Conversely, significant levels of MOMP-specific antibodies 
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MucosalImmunology | VOLUME 9 NUMBER 4 | JULY 2016 were generated following immunization, which were also shown to neutralize Chlamydia infectivity in vitro and reduce vaginal shedding on days 3 and 6 p.i. following infusion into naïve animals. In support of findings by others, 19 this indicates that induction of humoral immunity through immunization is crucial for neutralizing the initial challenge inoculum, an important effect that was masked when using higher, nonphysiological challenge doses of C. muridarum (45 Â 10 3 IFU) (data not shown).
Expression of chemokines (CXCL1, CXCL2, and CXCL5) and cytokines (IFN-g, TNF-a, and IL-1b) were upregulated in the oviducts of immunized compared with unimmunized mice. Macrophages and neutrophils isolated from the genital tracts of immunized mice also showed a similar upregulated pattern of cytokine and chemokine expression as the oviducts, indicating an increased level of activation, antimicrobial and chemotactic activity. 16 This occurred during the early stages of the infection (day 2 p.i.) where the presence of MOMP-specific antibodies in the genital tract of immunized animals was the only observed difference from unimmunized mice. Opsonization and complement are known to promote chemokines and cytokine production by APCs 20 and we too found that Chlamydia incubated with sera containing MOMP-specific antibodies enhanced expression of cytokines and chemokines by monocyte/macrophages in vitro. This indicated that in addition to their neutralizing effects, antibodies generated following immunization might also contribute toward protection by enhancing innate and adaptive responses through the induction of cytokines and chemokines.
The recruitment of T cells into the genital tract on day 8 p.i. coincided with the resolution of the infection in immunized animals. However, unimmunized mice failed to resolve an infection from day 8 p.i. despite mounting a T-cell response comparable in both speed and magnitude to immunized animals. This indicated that functional differences existed between T cells recruited in immunized and unimmunized animals. Immunization induced expansion of MOMP-specific splenic Th and Tc cells, which produced IFN-g, TNF-a, and IL-17A on in vitro restimulation. Th and Tc cell isolated from the genital tracts of immunized mice on day 8 p.i. were also found to express more IFN-g, TNF-a, and IL-17A than T cells isolated from unimmunized animals. These cytokines have been consistently shown to contribute to protection against infection and disease. 21 Protection against vaginal shedding was alleviated following depletion of CD4 þ and CD8 þ cells, indicating an important role for Th and Tc cells in protection elicited by MOMP/IMX. Animals recovered from a previous infection with Chlamydia (LIC group) demonstrated sterilizing immunity against rechallenge; therefore, it is important to compare the mechanisms of protection between MOMP/IMX immunized and LIC mice as this can highlight potential inadequacies in vaccine design. T cells were not detectable in the genital tract of MOMP/IMX immunized until day 8 p.i., whereas Tc cells were present in the genital tract of LIC mice before rechallenge and Th cells were rapidly recruited by day 2 p.i. Some Tc cells present in the genital tract of LIC mice before challenge were CD103 þ and localized in the epidermis, which is consistent with the phenotype of T RM in female genital tract of mice during a Herpes simplex virus-2 infection. 22 However, T RM were not detected in the genital tract of MOMP/IMX immunized mice even following challenge (days 2-8 p.i.). Tc cells isolated from the genital tracts of mice in the LIC group immediately before rechallenge (day 2 p.i.) expressed increased levels of cytokines, which were associated with the rapid recruitment of Th cells. This is also consistent with existing literature regarding the functionality of T RM , that they provide a means of 'sense and alarm' 23 by secreting cytokines and chemokines, which recruit effector Th cells necessary to eradicate the infection. Th and Tc cells recruited in the genital tract of MOMP/IMX immunized mice exhibited a similar pattern of increased cytokine expression as T cells from LIC, but were recruited later at day 8 p.i. Reduction of Tc cells number, including the T RM , in the genital tract of LIC mice before rechallenge abrogated sterilizing immunity, which indicated that Tc cells are capable of preventing infection from sexually transmissible doses of Chlamydia. Th cells were also shown to contribute to sterilizing immunity in LIC mice, however; it is unclear if Th cells had a direct effect or if their depletion during the resolution of the primary infection inhibited the development of T RM . 24 Further phenotypic characterization, functionality and longevity studies will also be required to definitively characterize T RM , although this to our knowledge is the first indication that a small number of T RM may be generated following a chlamydial infection. Comparison between immunized and LIC mice indicate that strategies to accelerate T-cell recruitment into the genital tract, like the 'prime-pull' approach, 25 must be implemented if future vaccines are to achieve immunity equivalent to that which develops following a natural infection. Mathematical modeling has been invaluable in determining the attributes a vaccine must possess in order to impact on infection transmission. 5, 26 Assertions that non-sterilizing vaccines, if targeted toward both sexes, could interrupt infection transmission had not yet been investigated experimentally. 5 Challenging female mice with prostatic fluids collected from infected males to model sexual transmission (Figure 9a) , we determined that the immunization status (immunized or unimmunized) of both sexes was critical for the 
, and (e) Th cells (CD45 þ CD3 þ CD4 þ ) using flow cytometry (n ¼ 10). Cytospin and Geimsa staining was performed on sorted cell fractions to compare surface marker phenotype with nuclear morphology (representative image shown). Gene expression was performed on pooled cells isolated from the oviducts, uterine horns and cervix vagina (n ¼ 10), and fold changes (scale 0-10-fold) were calculated relative to an unimmunized control. Significant differences were determined using a one-way ANOVA with Tukey's post test. Significance was set at Po0.05 for all tests. P40.05 (not shown), 0.01-0.05 (*), 0.001-0.01 (**), and o0.001 (***). ANOVA, analysis of variance; IFU, inclusionforming unit; IMX, ISCOMATRIX; MOMP, major outer membrane protein; Tc, T cells; Th, T-helper cells; PBS, phosphate-buffered saline; p.i., post infection.
induction of sterilizing immunity against infection and disease. Immunizing females was more effective against preventing infection transmission than immunizing males (Figure 9b and  c) , as reported elsewhere. 5 This could be attributed to the inherent difficulties in resolving an infection in the immuneprivileged male genital tract and the vaccine eliciting a potent cell-mediated response as opposed to the more male protective humoral response. 27 However, male vaccination status protected against the development of oviduct pathology in immunized females (Figure 9d) . As this reduction in severity and incidence of disease was not detected in unimmunized females, it is likely to be independent of bacterial burden. Instead, additional adaptive immune components like antibodies, chemokines, or cytokines present in the ejaculate of immunized males may have provided cross talk with immunity in immunized females. 13, 28 This indicates that anti-chlamydial immunity against infection will be dependent on a vaccine for females, whereas a vaccine targeting males may be required for protection against diseases associated with infertility.
In this study, analysis of the local immune response in the genital tract following a Chlamydia infection provides the first evidence that T RM confer/are essential for sterilizing immunity against challenge and should be the target of future vaccines. Induction of T RM in females may be required to elicit complete protection against an infection transmitted from an unimmunized male. A partially protective vaccine targeting females would have a greater impact on Chlamydia infection and disease than a male vaccine; however, sterilizing immunity, i.e., prevention of sexual transmission, would require vaccination of both sexes. It has been consistently shown in the most at risk adolescent age group that sexual behavior and perception of risk to other sexually transmitted infections is unaltered by vaccination; 29 therefore, the introduction of a non-sterilizing Chlamydia vaccine together with existing surveillance and antibiotic treatment programs could facilitate a decline in infection rates. METHODS Animals and Chlamydia. Mice (C57BL/6 and BALB/c) were sourced from the Animal Resource Centre (ARC, Canningvale, WA, Australia) at 6 weeks of age. Animals were given food and water ad libitum. C. muridarum (Weiss strain), was a generous gift from Catherine O'Connell and cultured from McCoy cells and purified as previously described. 30 Immunization. Recombinant C. muridarum MOMP-maltose binding protein was purified and intranasal immunizations were performed as previously described. 31 The vaccine contained recombinant MOMP (50 mg) and ISCOMATRIX (10 mg) (Zoetis, Florham Park, NJ) mixed in a 10 ml volume, 5 ml applied to each nare. Animals were immunized once on four separate occasions (days 0, 7, 14, and 28). Vaginal swabs (VS) were collected over 28 days p.i. to quantify the amount of Chlamydia shed (IFU per ml) by culture. Significant levels of bacterial burden were determined using a two-way ANOVA with Tukey's post test. Results are presented as the mean±s.e.m. Percentages of mice shedding Chlamydia from the vagina on the days following challenge are also presented. Significant differences were determined using a Kaplan-Meier survival curve and the log rank post test. Protection against the severity of oviduct pathology (hydrosalpinx) in female mice challenge with prostatic fluid was determined post mortem (killed, w) on day 35 p.i. by measuring oviduct diameter. The solid line across the graph represents the mean width of unaffected oviducts (2 mm). Results are presented as the mean ± s.e.m. Significant levels of bacterial burden and disease severity were determined using a one-way ANOVA with Tukey's post test. Significance was set at Po0.05 for all tests. P40.05 (not shown), 0.01-0.05 (*), 0.001-0.01 (**), and o0.001 (***). ANOVA, analysis of variance; IFU, inclusion-forming unit; IMX, ISCOMATRIX; MOMP, major outer membrane protein; p.i., post infection. In vivo depletion and passive immunization. Depletion of CD4 þ (Clone: GK1.5, IgG2b, 1 Â 200 mg), CD8b þ (Clone: 53-5.8, 32 IgG1, 1 Â 250 mg intraperitoneal, 2 Â 50 mg intravaginally; BioXcell, West Lebanon, NH) and CD20 þ cells (Clone: 5D2, IgG2a, 1 Â 250 mg; Genentech Inc, San Francisco, CA) was performed following intraperitoneal injection of each monoclonal antibody on day 13 before intravaginal challenge. Identical doses of aTNP (Clone: 2A3, IgG2a), aHRP (Clone: HRPN, IgG1), or aKLH (Clone: LTF-2, IgG2b; BioXcell) were used as isotype controls. Passive immunization of naïve mice was performed one day before intravaginal challenge by intraperitoneal infusion of 500 ml of serum collected from MOMP/ IMX or PBS immunized mice.
Sample collection and tissue processing. Vaginal lavages and serum were collected as previously described. 21 Spleens processed as described previously 21 and cultured in complete Dulbecco's minimal essential medium (5%v/v fetal calf serum, 4 mM L-glutamine, 50 mg ml À 1 gentamicin, and 100 mg ml À 1 streptomycin sulfate;
Invitrogen, Carlsbad, CA) containing 50 mM b-mercaptoethanol. Genital tract tissues were digested in complete Dulbecco's minimal essential medium containing 500 U ml À 1 of collagenase I and 120 mg/ ml À 1 DNase I (Invitrogen) for 1 h shaking at 37 1C.
MOMP-specific T-cell proliferation and cytokine production. Cells were stained with carboxyfluorescein succinimidyl ester (SigmaAldrich, St. Louis, MO; 5 mM) for 5 min at room temperature. Labeled splenocytes were stimulated with media containing recombinant MOMP (10 mg per well) for 96 h at 37 1C with 5% CO 2 . Cells were incubated for an additional 12 h in complete Dulbecco's minimal essential medium containing brefeldin A (Sigma-Aldrich; 10 mg ml À 1 ) before intracellular cytokine staining.
MOMP-specific antibody quantification, in vitro neutralization of Chlamydia infectivity and opsonization. Antigen-specific antibodies were measured by enzyme-linked immunosorbent assay and in vitro C. muridarum neutralization assay were performed as previously described. 21 Monocytes/macrophage cell line RAW264.7 (ATCC TIB-71) were grown in RPMI 1640, HEPES, 10%v/fetal calf serum, 4 mM L-glutamine, 50 mg ml À 1 gentamicin, 100 mg ml À 1 streptomycin. C. muridarum was incubated with a 1/20 dilution of serum for 1 h at 37 1C with 5% CO 2 , then added to RAW264.7 cells at an MOI of 1 and incubated for 2, 4, 6, and 24 h.
Intrapenile and intravaginal infections. Intrapenile challenges were performed on mice by exposing the glans and inoculating the exterior of the urethra with 1 Â 10 6 IFU of C. muridarum in 5 ml of sucrosephosphate-glutamine (SPG; 219 mM sucrose, 3.8 mM KH 2 PO 4 , 8.6 mM Na 2 HPO 4 , 4.9 mM glutamic acid, pH 7.35).
Female mice received 2.5 mg of medroxyprogesterone (DepoProvera Pfizer, New York City, NY) subcutaneously, seven days before challenge with C. muridarum. Mice anaesthetized with ketamine (Parnell Laboratory, Sydney, Australia; 100 mg kg Prostatic fluid collection, mating, and sexual transmission. Male mice were maintained under isoflurane-induced anesthesia and placed on their backs for collecting prostatic fluid. Urine was drained from the bladder using a syringe before collection. Ejaculation was induced following electro-stimulation of the prostate using a custom made probe and the square wave generator (Universal KymographHarvard Bioscience Inc., Holliston, MA) (Supplementary Figure 6) . The prostatic fluid was collected into a capillary tube and expelled into a tube before making the volume up to 20 ml with cold SPG.
Infected males were mated with non-progesterone primed females during the peak of their infection (days 7-14 p.i.) at the beginning of the 12 h dark cycle. Paired mice were observed for 1 h and vaginal lavages were collected following the first instances in which a female mated with a male for Z10 s. Paired mice were then left for the remaining dark cycle and inspected for vaginal plugs at the beginning of the following 12 h light cycle. Vaginal plugs were excised and homogenized in 800 ml of SPG using the OMNI TH tissue homogenizer (OMNI International, Kennesaw, GA). The uterine horns were flushed with 200 ml of the same SPG containing the vaginal plug.
Quantification of C. muridarum from secretions, tissues, and swabs. Infected tissues (r250 mg) were excised and homogenized in 800 ml of SPG. Vaginal swabs were collected using a sterile nasopharyngeal swab (Copan, Murrieta, CA) and stored in 500 ml of SPG containing two glass beads. The SPG supernatant was used to quantify chlamydial content by culture as previously described. 21 Ejaculate was also screened by culture and ompA-specific quantitative reverse transcription PCR as described previously. RNA extraction and reverse transcription PCR. Genital tract tissues were equilibrated in RNAlater (QIAGEN, Venlo, Netherlands) then total RNA was extract using the RNeasy Tissue Mini Kit (QIAGEN) Figure 7) (SigmaAldrich), 200 mM dNTP's, 1.5 mM MgCl 2 , 1X buffer, 0.15X SYBR green, and 5 U of Platinum Taq polymerase (Invitrogen) made up to a final 20 mL volume using sterile endonuclease-free water. Reverse transcription PCR was performed using the Corbet Rotorgene Q (QIAGEN). Gene expression was analyzed using the Hierarchical Clustering Explorer 3.5 Analysis Tool (University of Maryland, College Park, MD).
Immunohistochemistry. Immunohistochemistry was performed by the HistoTechnology Facility (Queensland Institute of Medical Research, Brisbane, QLD, Australia) as described previously. 21 Gross oviduct pathology. The oviduct diameter was measured on day 35 p.i. to assess the severity of pathology. 33, 34 The incidence of oviduct pathology (presence or absence) was the number of mice presenting with hydrosalpinx (unilateral and bilateral).
Power calculations and statistical analysis. Sample sizes were determined a priori using a one-tailed, Proportions: Inequality, two independent groups Fischer's exact test in G*Power 3.1.7 software (Institute for Experimental Psychology, Dusseldorf, Germany). Statistical analysis of graphical data was performed using GraphPad Prism version 5.00 (GraphPad, La Jolla, CA).
Ethics statement. Animal care and use protocols in this study adhered to the National Health and Medical Research Council guidelines to promote the well-being of animals used for scientific purposes. This study was approved by the Queensland University of Technology Animal Ethics Committee (QUT UAEC No. 1100000588 and 1400000010) and carried out in strict accordance with any recommendations. All animals were euthanized humanely by intraperitoneal injection with sodium pentobarbital (200 mg kg À 1 ).
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